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ABSTRACT
For a binary composed of a spinning black hole (BH) (with mass & 7M⊙) and a strongly magnetized
neutron star (NS) (with surface magnetic field strength BS,NS & 10
12G and mass ∼ 1.4M⊙), the NS as
a whole will possibly eventually plunge into the BH. During the inspiral phase, the spinning BH could
be charged to the Wald charge quantity QW until merger in an electro-vacuum approximation. During
the merger, if the spinning charged BH creates its own magnetosphere due to an electric field strong
enough for pair cascades to spark, the charged BH would transit from electro-vacuum to force-free cases
and could discharge in a time & 1 ms. As the force-free magnetosphere is full of a highly conducting
plasma, the magnetic flux over the NS’s caps would be retained outside the BH’s event horizon under
the frozen-in condition. Based on this scenario, we here investigate three possible energy-dissipation
mechanisms that could produce electromagnetic (EM) counterparts in a time interval of the BH’s
discharge post a BH-NS merger-induced gravitational wave event: (1) magnetic reconnection at the
BH’s poles would occur, leading to a millisecond bright EM signal, (2) a magnetic shock in the zone
of closed magnetic field lines due to the detachment and reconnection of the entire BH magnetic field
would probably produce a bright radio emission, e.g., a fast radio burst, and (3) the Blandford-Znajek
mechanism would extract the BH’s rotational energy, giving rise to a millisecond-duration luminous
high-energy burst. We also calculate the luminosities due to these mechanisms as a function of BH’s
spin for different values of BS,NS.
Subject headings: gravitational waves — stars: black holes — stars: neutron — radiation mechanisms:
general
1. INTRODUCTION
Eleven gravitational wave (GW) events have been
observed from ten black hole-black hole (BH-BH)
mergers and one neutron star-neutron star (NS-
NS) merger in the observing run 1 & 2 (O1 &
O2) of the Advanced LIGO and Virgo detectors
(The LIGO Scientific Collaboration et al. 2018), includ-
ing GW150914 (Abbott et al. 2016). The first NS-NS
merger, GW170817, jointly detected with GW and elec-
tromagnetic (EM) radiation, bas been a watershed event
(Abbott et al. 2017a,b,c), which was accompanied by a
weak short gamma-ray burst (GRB) 170817A, an early
multi-wavelength kilonova AT2017gfo (Coulter et al.
2017; Villar et al. 2017), and a late broadband after-
glow (von Kienlin et al. 2017; Goldstein et al. 2017;
Savchenko et al. 2017; Hallinan et al. 2017; Troja et al.
2017; Lyman et al. 2018; Margutti et al. 2018; Piro et al.
2019). However, what has not yet been formally ob-
served is a BH-NS merger, even though a candidate
GW event S190426c in O3 running was presented
(LIGO Scientific Collaboration & Virgo Collaboration
2019), in which no evidence for follow-up EM coun-
terparts was uncovered recently (Hosseinzadeh et al.
2019).
During a BH-NS merger, theoretically, the NS would
be effectively tidally-disrupted if the tidal radius (Rtidal)
is larger than the innermost stable circular orbit (ISCO,
RISCO) of the BH, Rtidal > RISCO (or the BH-NS
mass ratio, q ≡ MBH/MNS . 5) (Shibata et al. 2009;
Bartos et al. 2013). The disrupted materials would be
left behind outside the final BH remnant but some of
them would fall back, generating a short GRB (Paczynski
1991) and an afterglow (Sari et al. 1998), accompa-
nied by a radioactively-powered kilonova, just as in
the case of an NS-NS merger (Li & Paczyn´ski 1998;
Ferna´ndez & Metzger 2016; Metzger 2017). If the mass
ratio q & 5, however, it is generally thought that the
NS would plunge into the BH as a whole, leaving behind
neither any material outside the BH remnant nor any
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significant EM emission.
Nevertheless, several possible scenarios have been pro-
posed to produce EM counterparts prior to plunging BH-
NS mergers. First, a BH battery power due to a spinning
BH-magnetized NS (or non-spinning BH-spinning mag-
netized NS) binary inspiral behaving analogously to a
unipolar inductor can serve as an energy source to gen-
erate EM emission such as a fast radio burst (FRB) or a
relativistic fireball as long as the NS is strongly mag-
netized (McWilliams & Levin 2011; D’Orazio & Levin
2013; Mingarelli et al. 2015; D’Orazio et al. 2016). Sec-
ond, if at least one of the members in a BH-NS bi-
nary is charged, such a binary could make an FRB or
a short GRB through electric dipole radiation and mag-
netic dipole radiation (Zhang 2016, 2019a; Deng et al.
2018). Third, if the BH is highly spinning and immersed
in a strongly magnetic field of the NS, the BH could be
charged through the Wald’s mechanism (Wald 1974) as
a BH pulsar (Levin et al. 2018), and could create EM
counterparts such as short X/γ-ray signals due to mag-
netic reconnection in addition to electric dipole radiation
and magnetic dipole radiation (Dai 2019), as in the cases
of binary BH mergers (Fraschetti 2018) and binary NS
mergers (Wang et al. 2018).
Moreover, it has been argued that EM counterparts
could be produced after a plunging BH-NS merger. If
the binary includes a non-spinning BH and a spin-
ning magnetized NS, a “blitzar” FRB would occur via
a magnetic shock because of the “no-hair” theorem
(Falcke & Rezzolla 2014; Mingarelli et al. 2015). On the
other hand, for a spinning BH-magnetized NS binary,
the “no-hair” theorem could not be applicable formally
and the magnetic flux at the plunging NS polar caps
would be retained in the highly conducting plasma out-
side the BH’s event horizon during the resistive timescale
of the magnetosphere (Lyutikov & McKinney 2011), so
that a type of afterglow post BH-NS merger would
be powered via the Blandford-Znajek (BZ) mechanism
(Blandford & Znajek 1977; D’Orazio et al. 2016).
During the inspiral of a spinning massive BH-
magnetized NS binary, the BH could be charged be-
cause it is immersed in the magnetosphere of the NS,
so that this system would become a spinning charged
BH-magnetized NS binary. Its pre-merger energy-
dissipation mechanisms such as magnetic reconnection,
electric dipole radiation, and magnetic dipole radiation
could give rise to EM emission (Dai 2019). In this paper,
we investigate post-merger possible mechanisms to gen-
erate EM counterparts that are suitable for a spinning
massive BH-magnetized NS binary in which the BH is
charged via the Wald process, based on the previously-
studied scenarios in some binary systems, e.g., a spinning
charged BH-magnetized NS binary premerger, a non-
spinning BH-spinning magnetized NS binary postmerger,
and a spinning BH-magnetized NS binary postmerger.
Ultimately, we find that three possible mechanisms such
as magnetic reconnection, magnetic shock, and BZ mech-
anism are interesting. This paper is organized as follows.
In § 2 we briefly illustrate the schematic picture of these
three mechanisms. In § 3, we calculate the emission lu-
minosities due to the mechanisms. Finally, we present a
discussion and summary in § 4.
2. PROCESSES POST A MAGNETIZED NS PLUNGING
INTO A SPINNING BH
For convenience of numerical calculations, we show the
quantities in cgs units. We use a subscript “NS” to in-
dicate the quantities of an NS (those without subscript
“NS” are the BH’s). For a spinning BH-magnetized NS
binary in an electro-vacuum approximation, as shown in
Levin et al. (2018), the BH could not only be charged
stably but also maintain the Wald’s charge quantity
Q = QW until the NS plunges into the BH, even though
EM emission during the charging process and continual
flux of charges within the BH-NS system occurs. During
this plunging period, as the separation between BH and
NS reaches the NS’s radius (r → RNS), Wald’s maximal
charge quantity of the BH is
QW,max≃ 2G
c3
J ×BS,NS = 2G
2
c4
aM2BS,NS
=4.4× 1024a
(
M
10M⊙
)2
BS,NS
1012G
e.s.u., (1)
where J , a = Jc/GM2,M , and BS,NS are the BH’s angu-
lar momentum, dimensionless spin parameter, mass, and
the NS’s surface magnetic dipole field strength, respec-
tively. The Wald charge would give rise to a magnetic
dipole field of the BH whose strength at any radius r is
(Levin et al. 2018; Dai 2019)
BW=
JQW,max
Mcr3
=
2G3
c6
a2M3BS,NSr
−3
=6.5× 1012a2
(
M
10M⊙
)3
×
(
BS,NS
1012G
)( r
106cm
)−3
G. (2)
During the merger, if the spinning charged BH creates its
own magnetosphere due to an electric field strong enough
for pair cascades to spark, the charge BH would transit
from electro-vacuum to force-free cases. This does not
mean that the BH would completely discharge immedi-
ately. As shown in Pan & Yang (2019), the duration of
BH discharge may be larger than the light crossing time
∼ 1 ms. However, if the resistive time of a force-free mag-
netosphere is considered (Lyutikov & McKinney 2011),
the duration of BH discharge could be longer. This du-
ration is comparable to the duration of the mechanisms
that we discuss below. So these mechanisms would occur
even if the BH discharge takes place in the post-merger
force-free case.
In the scenario discussed above, on one hand, no mat-
ter whether the BH spin aligns or anti-aligns with the
NS magnetic axis before the NS is swallowed, the BH’s
magnetic dipole field created from the spinning electric
charge inside the BH event horizon is always anti-parallel
to that of the NS (Dai 2019), so a magnetic recon-
nection event could occur in an interacting field zone
close to the BH equatorial plane initially (Dai 2019),
as in the case of a binary NS premerger (Wang et al.
2018). During the NS plunging into the BH, the NS’s
closed magnetic field lines would be swallowed together
with the NS, while the open field lines which origi-
nally connect the NS’s polar surface to infinity also con-
nect the BH’s event horizon to infinity because of the
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frozen-in condition of a highly conducting plasma, which
is akin to the cases in a rotating NS collapsing to a
slowly balding BH (Lyutikov & McKinney 2011) or in
a strongly-magnetized NS-Kerr BH binary postmerger
(D’Orazio et al. 2016). Therefore, the magnetic recon-
nection zone close to the BH’s equatorial plane premerger
in Dai (2019) would be transferred to the BH polar re-
gions postmerger, in which regions the open field lines of
the BH would reconnect with those of the NS.
On the other hand, the BH discharge process, just like
the magnetosphere collapse due to the magnetosphere in-
stability proposed in Liu et al. (2016), would in principle
result in an entire magnetic field detachment and recon-
nection, which generates a strong magnetic shock at the
speed of light to sweep up the magnetosphere plasma,
similar to the mechanism for a supramassive the NS col-
lapsing to a BH1, proposed by Falcke & Rezzolla (2014).
In addition, the third mechanism—BZ mechanism may
occur to extract the BH’s rotational energy, as in the case
of a strongly-magnetized NS-Kerr BH binary postmerger
(D’Orazio et al. 2016). The schematic picture for these
processes is shown in Figure 1.
3. MECHANISMS OF EM EMISSION POSTMERGER
3.1. Magnetic Reconnection
The magnetic reconnection would be transferred from
the region close to the BH’s equatorial plane premerger
to the polar regions postmerger. The energy of each pole
at radius r − r + dr,
dEREC(r) =
B2W
8π
dVp(r), (3)
can be dissipated, where dVp(r) is the volume in an in-
terval of r to r + dr. Based on Eqs. (1) and (2), the
magnetic field at the BH’s horizon radius (Misner et al.
1973)
RH=
GM
c2
+
√
G2M2
c4
− G
2M2
c4
a2 − GQ
2
W,max
c4
≈ GM
c2
+
√
G2M2
c4
− G
2M2
c4
a2, (4)
can reach 1011 G for the BH mass ∼ 10M⊙, the NS’s
surface magnetic field strength ∼ 1012 G, and the spin
parameter a ∼ 0.6. Hence, for a relatively low BH spin
a < 0.6, the strength of BH’s horizon magnetic field is
much smaller than the surface magnetic field of the NS.
In this case, the BH’s open magnetic field lines can only
reconnect a small part of the open magnetic field lines
of the NS. We next calculate the volume dVp(r) with an
analogy to that of a pulsar
dVp(r) = A(r)dr, (5)
where A(r) = πr2 sin2 θ ∼ πr2RH/RLC, and RLC is the
light cylinder radius of the BH. Here any dipole magnetic
field line satisfies r′ = r′max sin
2 θ, where r′ ∼ RH and
r′max ∼ RLC are adopted (Piro & Ott 2011; Wang et al.
2018).
1 A strong magnetic shock wave is seen in 3D resistive MHD sim-
ulations on the collapse of non-rotating NSs (Dionysopoulou et al.
2013).
 
NS BH 
BH BH 
BH 
Fig. 1.— The schematic picture of a plunging spinning BH-
magnetized NS binary premerger and postmerger (for convenience,
we just show some of the magnetic field lines of the NS in the top
panel. In reality, the farthest closed magnetic field lines of the
NS should already thread the BH since the BH immersed in the
NS’s magnetosphere could be charged). Prior to the merger, the
spinning BH would not only be charged stably up to the Wald
charge QW but also maintain it up to its maximum quantity in an
electro-vacuum approximation. During the merger, if the spinning
charged BH creates its own magnetosphere due to an electric field
strong enough for pair cascades to spark, the charge BH would
transit from electro-vacuum to force-free cases. Furthermore, dur-
ing the NS plunging into the BH, the NS’s closed magnetic field
lines would be swallowed together with the NS, while the open field
lines which originally connect the NS’s polar surface to infinity also
connect the BH’s event horizon to infinity because of the frozen-
in condition of a highly conducting plasma. In this scenario, on
one hand, the open magnetic field lines of the BH at polar regions
would reconnect with those of the NS because the BH magnetic
dipole field lines are always anti-parallel to those of the NS. On
the other hand, the BH’s discharge might create a magnetic shock
due to the detachment and reconnection of the entire magnetic field
of the BH, leading to the magnetosphere plasma dissipation. In ad-
dition, the third process—BZ mechanism may occur to extract the
BH’s rotational energy.
The light cylinder radius can be written as
RLC = c/Ω, (6)
where the angular velocity is approximated as that close
to the event horizon (see Eq. 5 of Liu et al. 2016)
Ω =
GMa
c[R2H + (GMa/c
2)2]
. (7)
From Eqs. (1), (2), (3), (5), and (6), one can obtain the
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total magnetic reconnection energy for each polar region
EREC=
∫ RLC
RH
B2W
8π
RH
RLC
πr2dr
≈ G
6a4M6B2S,NS
6c12
1
R2HRLC
, (8)
which can be as a function of the spin parameter a for
different NS’s surface magnetic fields BS,NS = 10
12, 1014,
and 1016 G, and BH mass M = 10M⊙, displaying in
Panel a of Figure 2. The magnetic reconnection energy
rises with increasing the NS’s surface magnetic field and
the BH spin.
If the magnetic reconnection dissipation timescale is
assumed to be the Alfve´n propagation timescale tA, this
timescale can be expressed as the ratio of the light cylin-
der of the BH (RLC) to the Alfve´n speed (vA),
tA =
RLC
vA
, (9)
where vA can be generally expressed by (see Eq. 2.11a
in Punsly 1998)
vA =
UA
γA
=
BW
γA
√
4πneµ
c, (10)
where ne is the particle number density in the BH’s
magnetosphere, UA is the pure Alfve´n speed and γA =
1√
1−v2
A
/c2
, and µ ∼ 10−6 is the plasma specific enthalpy
in units of the electron’s rest mass energy2. The parti-
cle number density ne in the KNBH’s magnetosphere is
unlikely to be calculated accurately due to complexity
of the magnetosphere, even though a KNBH’s magneto-
sphere model with a magnetically dominated plasma has
been explored in Punsly (1998). In his model, the parti-
cle number density is nonlinear and uncertain no matter
for the MHD wind zone and the zone of closed magnetic
field lines of the magnetosphere, even though it has been
simplified under several assumptions. This may be why
Liu et al. (2016) did not adopt this magnetosphere model
to calculate the particle number density for a KNBH. In-
stead, Liu et al. (2016) took ne to be a factor k times
the Goldreich-Julian density (Goldreich & Julian 1969)
(as done in Falcke & Rezzolla 2014)
ne = k
BWΩ
2πce
, (11)
where k is uncertain but it is assumed to be typically of
order unity here, k ∼ O(1). In the following, we always
take k = 1. This assumption seems to be reasonable
based on the model of Punsly (1998), in which the parti-
cle number density has a basically similar but more com-
plicated form associated with the magnetic field strength
2 The quantity µ is calculated based on the assumption that
the plasma is cold. µ is composed of the energy density ρ and the
pressure P , where ρ consists of the corresponding energy of the rest
mass (mec2) and the internal energy I per particle. The internal
energy per particle (I) is basically the random kinetic energy for
an ordered EM field as done here. The field-aligned acceleration
produces an ordered field-aligned motion and does not produce a
random kinetic energy so that it does not affect the internal energy
per particle. The collision rate affects P and I, in a relatively low
density approximation that both P and I are small compared to
mec
2 (see Eq. 2.13 in Punsly 2001).
(a)
(b)
Fig. 2.— Panels a and b: The magnetic reconnection energy
EREC at each BH’s pole and the corresponding luminosity LREC
as a function of BH dimensionless spin parameter a for different
BS,NS.
and angular velocity of the BH no matter for the MHD
wind zone or the zone of closed magnetic field lines of
magnetosphere (see Eqs. 4.12a and A.12 in Punsly 1998).
From Eqs. (10) and (11), the Alfve´n speed can be also
written as vA =
B
1/2
W
Ω−1/2c
γA
√
2kµ/ce
, which implies the Alfve´n
speed close to RLC is smaller than that close to the BH
horizon. Thus, we use the Alfve´n speed close to RLC to
represent the Alfve´n speed of the magnetosphere. Hence,
if BS,NS = 10
12 G, M = 10M⊙, and a ∼ 0.1− 1.0, then
we obtain BW ≥ 105 G for the whole magnetosphere
ranging from RH to RLC and vA basically equals to the
speed of light c. Moreover, the stronger NS’s magnetic
field corresponds to the higher Alfve´n speed, as seen from
the expression of vA depending on BW and Eq. (2). Us-
ing a = 0.1 − 1.0 and M = 10M⊙, we further get the
BH magnetosphere size RLC ∼ 3 × 106 − 6 × 107 cm by
combining Eqs. (6) and (7), so the Alfve´n propagation
timescale tA ∼ 0.1−2 ms. Moreover, in terms of Eqs. (1),
(2), (6), (7), (8), (9), and (10), the total magnetic energy
in each polar region of BH would be dissipated as a lumi-
nosity LREC = EREC/tA, illustrated in Panel b of Figure
2. The luminosity increases with increasing the BH spin
and NS’s surface magnetic field strength. Furthermore,
it is comparable to the luminosity in a magnetic recon-
nection event close to the equatorial plane from the mag-
netospheres’ contact of two NSs with a surface magnetic
field 1012 G premerger (in case 1 in Fig. 2 of Wang et al.
2018), only if the BH spin a & 0.6.
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3.2. Magnetic Shock
After the NS is swallowed, the spinning charged BH
would discharge in a force-free approximation in an time
interval & 1 ms and then the entire BH magnetic field
should detach and reconnect outside the horizon. This
could generate a strong magnetic shock wave sweeping
up the magnetosphere plasma at the speed of light. If
the magnetic shock wave energy mainly arises from the
magnetic energy in the zone of closed magnetic field lines,
the total magnetic energy can be estimated by
EMS=
∫ RLC
RH
B2W
8π
4πr2dr − 2EREC
≈ G
6a4M6B2S,NS
3c12
(
2
R3H
− 1
R2HRLC
)
, (12)
which rises with increasing the NS’s surface magnetic
field and the BH’s spin, shown in Panel a of Figure 3.
Falcke & Rezzolla (2014) suggested that curvature ra-
diation of the shock-accelerated electrons is possibly in-
volved in the entire emission since processes like syn-
chrotron radiation or self-absorption are not applicable
because the gyro radius of the electrons are so small that
the electrons will move essentially along the magnetic
field lines. Accordingly, we consider curvature radiation
in our scenario.
For the electron acceleration in the BH’s magneto-
sphere postmerger, there are some approaches such as
BH’s electric field, compared to the voltage drop ac-
celerating electrons across magnetic-field lines connect-
ing the NS to the BH premerger in McWilliams & Levin
(2011) and D’Orazio et al. (2016). The curvature radia-
tion power for an electron with Lorentz factor γ is
Pe = 2γ
4e2c/3R2LC, (13)
its corresponding characteristic frequency
νc =
3cγ3
4πRLC
≈ 7γ3
(
RLC
106 cm
)−1
kHz. (14)
Due to the aforementioned BH magnetosphere size
RLC ∼ 3 × 106 − 6 × 107 cm, the duration of the
shock wave sweeping up the magnetosphere would be
∼ 0.1−2 ms, which coincides with the typical duration of
an FRB. Additionally, for a relativistic electron acceler-
ated to a Lorentz factor γ ∼ 100, the characteristic cur-
vature radiation frequency is νc ∼ GHz, falling into the
FRB’ frequency range. Based on Eq. (11), the average
electron number density can be approximated by n¯e ≈∫ RLC
RH
4piner
2dr
VLC
, where VLC =
4
3π(R
3
LC − R3H) ≈ 43πR3LC is
the volume of the whole BH magnetosphere. As long as
the NS’s surface magnetic field BS,NS < 10
14 G, the cur-
vature radiation frequency of an electron with γ ∼ 100
would be well above the surrounding plasma frequency
νp = γ
−3/2(4πn¯ee
2/me)
1/2, as shown in the Panel b of
Figure 3.
According to the analysis of Falcke & Rezzolla (2014),
the characteristic length of curvature radiation is a few
107 cm, comparable with the size of shock wave—the
magnetosphere size if the Lorentz factor of charges γ ∼ 1.
Under this condition, the entire emission would be coher-
ent. However, for electrons with higher Lorentz factor
(e.g., γ ∼ 100), their coherence length would become
much smaller than the magnetosphere size, so the co-
herently emitting region should become slices and the
slice number is estimated by Nslice ≃ V R−2LC(c/νc)−1 =
γ3. Thus the total emitted power becomes Ptot =
ηeN
−1
sliceN
2
e Pe = ηeN
−1
slice(n¯eV )
2Pe (where ηe accounts for
a fraction of electrons that are accelerated to Lorentz fac-
tor γ). Therefore, the luminosity by coherent curvature
radiation of electrons within the zone of closed magnetic
field lines can be calculated by
LCCR = ηe [n¯e(VLC − 2Vp)]2 Peγ−3, (15)
where VLC−2Vp is the volume of the zone of closed mag-
netic field lines and Vp =
∫ RLC
RH
A(r)dr ≈ piRHRLC (R3LC −
R3H) ≈ πRHR2LC. From Eqs. (1), (2), (6), (7), (13),
(11), and (15), the luminosity can be estimated as a
function of BH spin a for different NS’s surface mag-
netic field strengths, plotted in Panel c of Figure 3 (with
M = 10M⊙, γ = 100, and ηe = 0.05). As we can see,
the luminosity rapidly rises with increasing the NS’s sur-
face magnetic field and the BH spin. Moreover, it needs
a low spin regime to make the luminosity fall into the
characteristic FRB luminosity 1042−1044 erg s−1 (Zhang
2019a) if a high surface magnetic field of the NS is as-
sumed.
This luminosity corresponds to the energy which is
written by
ECCR ≈ LCCRRLC
c
, (16)
which also increases with increasing NS’s surface mag-
netic field and BH’s spin, illustrated in Panel d of Figure
3. In comparison to the result in Panel a of Figure 3,
the energy dissipated via coherent curvature radiation of
electrons is a significant fraction of the total magnetic
energy in the zone of closed magnetic field lines.
If electrons are accelerated to a very large Lorentz fac-
tor, e.g., γ ∼ 107 as argued in D’Orazio et al. (2016),
their corresponding characteristic curvature radiation
frequency would fall into GeV gamma-rays based on Eq.
(14). In this case, the curvature radiation is impossibly
coherent, so the total power can be estimated by
Lγ = ηen¯e(VLC − 2Vp)Pe. (17)
Adopting γ = 107 and ηe = 1, the luminosity as a func-
tion of BH spin for different NS’s surface magnetic fields
is found in Panel e of Figure 3. As we can see, this lumi-
nosity is very small compared to the luminosity of coher-
ent curvature radiation for electrons with Lorentz factor
∼ 100, for the same fiducial parameter values. Moreover,
it is noted that just a small fraction of (ηe = 0.05) elec-
trons with γ = 100 has been assumed to account for a
bright radio emission and that almost all (ηe = 1) elec-
trons with γ = 107 only account for a faint high-energy
transient. Accordingly, the magnetic shock sweeping up
the magnetosphere plasma is more likely to generate a
bright millisecond radio emission, e.g., an FRB, if the
BH spin and the NS’s surface magnetic field lie in appro-
priate regimes, rather than a high-energy (e.g., γ-ray)
transient. Therefore, this mechanism associated with a
plunging BH-NS merger event might be responsible for
a fraction of non-repeating FRBs.
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(a)
(b)
(c)
d
(e)
Fig. 3.— Panel a: The total magnetic energy in the zone of closed
magnetic field lines varies with the BH spin parameter for different
BS,NS. Panel b: Comparison between the characteristic curvature
radiation frequency νc for a relativistic charge with γ ∼ 100 and the
plasma frequency νp for different BS,NS. Panels c and d: The total
coherent curvature radiation luminosity and energy for electrons
with γ ∼ 100 resulted from the magnetic shock as a function of
BH spin parameter for different BS,NS. The cyan lines in Panel
c represent the range of a typical FRB luminosity. Panel e: The
total curvature radiation luminosity if electrons have γ ∼ 107.
3.3. BZ Mechanism
During the period of magnetic reconnection at BH’s
poles and BH discharge resulting in a magnetic shock,
the BZ mechanism might operate to extract the BH’s
rotational energy since the charged BH has created its
own vicinal magnetosphere pervaded with charged par-
ticles postmerger. According to D’Orazio et al. (2016),
the BZ mechanism luminosity can be estimated by
LBZ ∼ φ
2
4πc
(
ac
RH
)2
, (18)
where φ is the remaining open magnetic flux of the NS
after the open magnetic field lines of the NS reconnect
with those of the BH, which can be approximated by
φ ∼ 2π(BNS −BH)R2NSsin−1
(
RNSΩorb
c
)
, (19)
where BH =
2G3
c6 a
2M3BS,NSR
−3
H is the magnetic field
strength at the BH’s horizon from Eq. (2) and Ωorb
is the orbital angular velocity near the merger time
(D’Orazio et al. 2016). Combining Eqs. (4), (18), and
(19), we obtain the BZ luminosity as a function of BH
spin a for the NS’s surface magnetic fields BS,NS =
1012, 1014, and 1016 G, with BH mass M = 10M⊙, NS’s
radius RNS = 10
6 cm, and 2piΩorb = 1 ms, as shown in Fig-
ure 4. It shows that the BZ luminosity is comparable to
that of Fig. 6 in D’Orazio et al. (2016). However, there
are some differences. For example, the luminosity is not
sensitive to the BH spin because the magnetic field at the
BH’s horizon resulting from the Wald charge is very small
compared to the corresponding NS’s surface magnetic
field until a ∼ 0.7. Only when the spin is extremely high
a > 0.9, the magnetic field strength at the BH’s horizon
is comparable to the NS’s surface magnetic field strength,
so most of the open magnetic field lines of the NS can be
reconnected by those of the BH, leading to the BZ lumi-
nosity that decays as the BH spin increases. This highly
bright BZ luminosity could create a relativistic Poynting-
flux-dominated jet along the rotational axis, which has a
duration similar to the timescale of magnetic reconnec-
tion and BH discharge (i.e., ∼ 1 ms). This jet would pro-
duce a high-energy (e.g., X-ray/γ-ray) transient due to
internal magnetic dissipation in the optically thin region
far away from the central engine (Lyutikov & Blandford
2003; Zhang & Yan 2011; Beniamini & Giannios 2017;
Xiao & Dai 2017; Xiao et al. 2018; Xiao & Dai 2019).
4. DISCUSSION AND SUMMARY
In a spinning massive BH-magnetized NS merger, the
spinning BH could be charged to the maximal Wald
charge quantity premerger in an electro-vacuum approxi-
mation. During the NS plunging into the BH, if the spin-
ning charged BH could transit from electro-vacuum to
force-free cases and discharge rapidly. During the BH’s
discharge, the magnetic reconnection, magnetic shock,
and BZ process would probably occur, so that they might
generate a millisecond luminous EM signal, a millisecond
radio bight emission like an FRB, or a millisecond high-
energy (X-ray/γ-ray) transient. Although the three pro-
cesses have distinct energy sources, it is unclear whether
they would occur simultaneously. In addition, we see
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Fig. 4.— The BZ luminosity as a function of BH dimensionless
spin parameter for different BS,NS.
that if the BH has an extremely high spin a > 0.9, the BZ
luminosity decreases with a. These mechanisms of gener-
ating post-merger EM emission should be also applicable
to the merger of a spinning BH-charged BH binary, in
which the spinning BH immersed in the magnetic field
of the charged BH could be also charged via the Wald
charging scenario at the final inspiral stage premerger.
In principle, there could be a time delay between the
pre-merger emission and the post-merger emission, at
least the sum of the time from the BH’s ISCO to the
BH-NS merger and the light crossing time of the BH
theoretically, e.g., & 0.5 ms for BH mass M = 10M⊙
(Mingarelli et al. 2015). Thus, to resolve the post-merger
FRBs, it requires at least the 0.5 ms resolution of a tele-
scope. Fortunately, it is easy to identify an FRB possi-
bly resulted from a pre-merger inspiral or a post-merger
process if the FRB arrives at an observer later than the
GW emission during the merger. On the other hand,
it is impossible to distinguish a post-merger high en-
ergy transient from a pre-merger emission suggested by
Dai (2019) observationally, if the delay between a pre-
merger emission and a post-merger emission is as short
as . 1ms, compared with a possible long time delay
between GW-GRB association (the time of launching a
relativistic jet + the time for the jet to break out + the
time for the jet to reach a GRB emission site) (Zhang
2019b), e.g., the pre-merger magnetic dipole radiation
process in Zhang (2016) can also explain the 0.4 s time
delay for the candidate GW150914/GW150914-GBM as-
sociation (Connaughton et al. 2016, 2018; Greiner et al.
2016). However, it can be seen that two post-merger
mechanisms, i.e., magnetic reconnection and magnetic
shock discussed in this paper are nearly independent of
the NS properties such as the mass and radius, except for
its surface magnetic dipole field, which is different from
the pre-merger mechanisms shown in Dai (2019).
If FRBs produced from the magnetic shock are
not beamed and the plunging BH-NS merger rate
density upper bound ℜBH−NS . 610 Gpc−3yr−1
(The LIGO Scientific Collaboration et al. 2018), then
the GW-FRB association rate density from plunging BH-
NS mergers may be ℜGW−FRB . 610 Gpc−3yr−1.
Finally, a different mechanism to produce EM emis-
sion during BH’s discharge post a spinning massive BH-
magnetized NS merger was investigated by Pan & Yang
(2019), in which the electric energy could be released
as high-energy gamma-rays through a cascade process in
analogy to the mechanism of generating γ-ray emission
in a radio pulsar (see Fig. 2.2 in Beskin et al. 2004), for
which primary electrons and positrons are accelerated in
the BH electric field and then interact with surrounding
soft photons created from cyclotron radiation by non-
relativistic electrons with the Goldreich-Julian density
(Goldreich & Julian 1969) via inverse Compton scatter-
ing, and then resultant hard photons colliding with soft
photons (or γ + ~E/~B→ e+ + e−) will produce more and
more energetic electrons and positrons as well as high-
energy photons that would escape out of the magneto-
sphere.
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